One hundred fifty-seven nm photodissociation of singly-charged peptide ions induces the cleavage of ␣-carbon to carbonyl-carbon bonds along the backbone. a n ϩ 1 radical ions are observed as the primary photolysis products of peptides with N-terminal arginines in a linear ion trap mass spectrometer. The radical elimination pathways undertaken by the a n ϩ 1 radical ions to form more stable even-electron species are studied in hydrogen-deuterium (H/D) exchange experiments. Two types of a n ions along with d-type ions are observed as secondary elimination products. The relative abundance of each depends on the C-terminal residue of the radical fragment ion. (J Am Soc Mass Spectrom 2006, 17, 1315-1321
O ne hundred fifty-seven nm photodissociation of singly-charged peptide ions has previously been studied in a tandem time-of-flight (TOF) instrument with a vacuum matrix-assisted laser desorption/ ionization (MALDI) source [1, 2] . We believe that the ultraviolet light homolytically photolyzes the backbone bond between ␣-and carbonyl-carbon atoms, resulting in two primary radical products: one ion and one neutral radical. As shown in Scheme 1, when the charge is located at the peptide N-terminus, an a n ϩ 1 radical ion and neutral radical are produced. Alternatively an x n ϩ 1 radical ion along with a neutral radical is generated when the charge is at the C-terminus [1] .
These primary radical ion products further undergo a secondary radical elimination, forming a-or x-type ions by eliminating a hydrogen atom, or d-, v-, and w-type satellite ions by eliminating part of the side-chain [2] . These secondary fragmentation processes are energetically accessible because 157 nm photons inject 3 to 4 eV more than that needed to cleave peptide backbone bonds. Because arginine is the most basic residue, it is assumed that it will sequester a single proton charge [3] . Therefore, 157 nm photodissociation spectra of singly-charged Cterminal arginine-containing peptides are dominated by C-terminal fragments such as x, v-and w-type ions, while peptides with N-terminal arginines yield abundant a-and some d-type ions [1, 2] . In addition, since absorbing chromophores are uniformly distributed over the length of peptides, cleavage of all ␣-and carbonyl-carbon bonds along the backbone is observed, resulting in excellent sequence coverage.
Singly-charged peptide ions generated by electrospray ionization (ESI) have also been photodissociated in a linear ion trap and similar fragment ions were observed [4] . ESI generated ions are much "cooler" than those produced by MALDI [5] . The similar photodissociation patterns indicate that the internal excitation deposited by 157 nm light establishes the observed fragmentation pathways. Interestingly, since the 10 ms scanning time of the ion trap is much longer than the 1 s time between photolysis and ion acceleration in the tandem-TOF apparatus, some slow secondary processes appear to be enhanced in the trap [4] . Besides these fundamental differences, the photodissociation experiment in the ion trap offers some unique advantages over the tandem TOF study. First, the linear ion trap has a mass isolation window of 0.4 Da, making it able to isolate the monoisotopic component from the precursor isotope distribution. This simplifies tandem mass spectra and decreases the spectral overlap. Secondly, MS n can be performed in the ion trap for the further identification of product ions, which facilitates the interpretation of ambiguous fragment peaks. These features make the linear ion trap a very powerful tool for investigating 157 nm peptide photodissociation.
In low-energy collision-induced dissociation (CID) processes, a-type ions are believed to be produced from b-type ions with a neutral loss of carbon monoxide [6, 7] . A proposed structure for a-type ions has an N¢C bond on the backbone with the charge located on this tertiary nitrogen atom [6, 8] . In high-energy CID, a-type ions may arise from a n ϩ 1 intermediate ions (1 Da heavier than the normal a-type ions) since a n ϩ 1 radical ions are observed and these can fragment into a-and d-type ions [9] . Through elimination of a side-chain ␤-hydrogen atom from the radical ions, an alternative structure for a-type ions having a C ␣ ϭ C ␤ bond on the side-chain of terminal residues was proposed [9] .
In previous photodissociation experiments with the MALDI tandem-TOF apparatus, we observed relatively few a n ϩ 1 fragment ions and all of these had small masses [2] . Their abundance was hard to quantitatively evaluate since they overlap with the 13 counterparts. Both residual energy from the MALDI process [10, 11] and that contributed by the 157 nm light excite these radical ions, and enable them to decompose into even-electron a-and d-species through a radical elimination [2] . In the course of forming a-type ions, two different types of hydrogen atoms can be eliminated: the backbone amide hydrogen and side-chain ␤-carbon hydrogen. These pathways lead to different product ions. If the a-type ion structures can be established, the above two pathways can be distinguished.
Hydrogen/deuterium (H/D) exchange mass spectrometry has been widely applied to investigate biomolecular folding and conformational changes in solution and in the gas phase [12, 13] . Exchangeable hydrogen atoms are present on the peptide backbone and some side-chains. Because backbone amide hydrogen atoms are exchangeable but side-chain ␤-hydrogen atoms are not, the hydrogen elimination sites involved in 157 nm photodissociation experiments can be identified.
The present photodissociation work involves singlycharged peptides generated in ESI linear ion trap and MALDI tandem-TOF experiments. H/D exchange reactions enable the observation of two types of a-ions along with d-type ions. The dependence of these secondary ions on a fragment's terminal residue is elucidated.
Experimental

Materials
Peptides RPPGFSP and RYLGYLE were purchased from Sigma (St. Louis, MO). All other N-terminal arginine peptides were synthesized by Sigma Genosys (The Woodlands, TX 
H/D Exchange of Peptides
For ESI experiments deuterated acidic Solvent A (50%D 2 O, 50% ACN and 0.1% FA) was first made in the dry nitrogen glove bag. All peptides were aliquotted first and then dried with a Speed Vac. These dry peptides were resuspended into Solvent A to make 1 M concentration solutions for electrospray. The ESI source chamber was purged with dry nitrogen. Before each experiment, the sample inlet line was flushed with D 2 O for 20 min.
Photodissociation in the ESI Ion Trap and MALDI Tandem-TOF
An LTQ linear ion trap instrument (Thermo Electron, San Jose, CA) was used for these experiments. Photodissociation in the LTQ was set up as in our previous paper [4] . Briefly, the 157 nm vacuum ultraviolet (VUV) laser was introduced axially into the trap from its back side. During experiments, MS/MS mode was chosen and the excitation energy set to 0 and, therefore, no CID took place. Ions were injected into the trap and the 12 C component of the isotope clusters in the precursor ions was isolated for photodissociation. An F 2 laser (EX100HF-60, GAM Laser, Orlando, FL) was triggered by the activation pulse, producing 40 J of light in a 10 ns pulse to dissociate the peptide ions. All the product ions were scanned out to the LTQ detector as in its normal operating mode.
MALDI tandem mass spectrometry was also performed on our home-built TOF-TOF apparatus [1, 2] . Singly charged peptide ions generated by MALDI were accelerated into the first time-of-flight drift region and then separated based on m/z. An ion gate selected precursor ions with a mass band of about 10 Da. The 157 nm light then dissociated these precursor ions. The fragment ions were reaccelerated into a reflectron mass analyzer and then detected. Alternate shots without the photodissociation light were taken to record postsource decay (PSD) spectra. However PSD ion products did not overlap with photofragment peaks in this study and, therefore, it was not necessary to subtract them away as background.
Results and Discussion a n ϩ 1 Radical Ions
In previous experiments using the MALDI tandem-TOF apparatus, a n ϩ 1 radical ions were observed [2] . More examples of peptides photodissociated in the MALDI tandem-TOF instrument are now presented; results are then compared with ion trap data. Figure 1a shows the 157 nm photodissociation spectrum of peptide RPPGFSP obtained with the MALDI tandem-TOF. Expanded sections of this spectrum appear in Figure 1b . Dashed lines represent calculated isotope distributions and solid lines indicate experimental data. For a 3 , a 4 , and a 5 ion fragments, the a n ϩ 1 peaks are much more intense than predicted for 13 C isotope contributions as previously noted [2] . However, the isotope distribution profile of a 6 is not so different from the calculated distribution, providing little evidence for the production of a 6 ϩ 1 radical ions.
To improve precursor isolation, we repeated this experiment with a linear ion trap. Figure 2 displays these data. In the expanded view of the precursor ion region, only the monoisotopic peak is seen. By isolating monoisotopic peaks with the ion trap, the mass overlap between each a n ϩ 1 radical ion and 13 C peak of the corresponding a n ion was removed. The absence of 13 C peaks is also strongly evident in the expanded views of b-and y-type ion peaks. The lack of 13 C contributions implies that peaks 1 Da heavier than a-type ions are entirely attributable to a n ϩ 1 radical ions. It can be seen that radical ions appear in all cases (a 3 to a 6 ) with rather high intensities. In fact, a n ϩ 1 radical ions were formed during cleavage of every backbone ␣-and carbonyl-carbon bond in 157 nm ion trap photodissociation experiments, demonstrating both their propensity to form and their stability.
Even though the fragmentation patterns observed with both instruments are similar, the relative intensities of most radical ions in the ion trap are higher than in the MALDI tandem-TOF. (The a 6 ϩ 1 peak in Figures 1 and 2 is a particularly good example of this.) Since the scanning time in the ion trap is much longer than in the MALDI tandem-TOF instrument, the a n ϩ 1 radical ions have a much longer time to form, but they also must be rather stable. We have suggested that the internal excitation energy of photolytically generated radical ions drives the secondary fragmentation processes [2] . In the MALDI tandem-TOF experiments, precursor ions are thermally excited by the vacuum MALDI process and photolytically excited by laser light. However, in the ESI ion trap experiments, the internal excitation energy is mainly contributed by the light, since the electrosprayed precursor ions are completely thermalized by collisions with buffer gas molecules [5] . Therefore a n ϩ 1 radical ions in MALDI tandem-TOF experiments should be much "hotter" than those generated in the ion trap.
a-Type Ion Formation Pathways
Even though a n ϩ 1 radical ions are apparently stable in the ion trap, secondary fragmentation processes also produce stable even-electron species such as a-and d-type ions. Even-electron species are produced by the elimination of a hydrogen atom or part of a side-chain.
To form a-type ions, hydrogen atoms can be eliminated from either the backbone amide or the side-chain ␤-carbon. Because amide hydrogen atoms are exchangeable but those bound to side-chain carbons are not, they can be differentiated through complete H/D exchange reactions as displayed in Scheme 2. Figure 3 shows four expanded views of a-type fragments derived from 157 nm photodissociation of singlycharged deuterated peptide RPPGFSP in the ion trap. Note that even-electron a n ions are now labeled as a n ϩ 1 Ϫ H or a n ϩ 1 Ϫ D based on their mass. In the a 3 region, an a 3 ϩ 1 Ϫ H peak appears, demonstrating that only hydrogen atoms were eliminated. The intensities of other peaks are at the level of background noise. At first the a-type ion formation at proline and glycine residues were chosen as two special cases because of their unique structures. Since proline does not have backbone amide hydrogen atoms, only a hydrogen atom on the side-chain ␤-carbon can be eliminated from the a 3 ϩ 1 radical ion, resulting in the a 3 ϩ 1 Ϫ H peak. In addition, glycine has backbone amide hydrogen atoms, but no side chain. The elimination of the backbone deuterium produces the a 4 ϩ 1 Ϫ D peak, and the absence of a 4 ϩ1-H peak is due to the lack of a ␤-hydrogen. These experimental observations are consistent with the structures of the proline and glycine. All other residues have both backbone amide and sidechain ␤-hydrogen atoms. Therefore, it is not surprising that both a 5 and a 6 ions can be generated through the elimination of either a hydrogen or deuterium atom. As shown in Scheme 2, the loss of a backbone amide hydrogen atom generates an N¢C double-bond at the backbone, while the elimination of a ␤-hydrogen atom results in the formation of a C ␣ ¢C ␤ on the side chain. Therefore, two a-type ions with different structures were produced at these amino acid residues. Furthermore, it can be seen that the loss of H appears to be favored for a 5 ions, but the two processes occur with similar likelihood for a 6 ions. These pathways will be further discussed in the following section.
Probability of Forming Two Types of a n Ions
To evaluate the effect of side chain on the probability of forming a n ions with a double-bond in each of the two possible locations, fragment ions terminated by various different amino acids were investigated. Figure 4 shows several a-type ions in ion trap photodissociation spectra of singly-charged, fully deuterated RYLGYLE. Both a 2 and a 5 fragments have C-terminal tyrosine residues and the hydrogen-elimination peaks are more intense than the deuterium-elimination peaks. For this aromatic residue, formation of a C ␣ ¢C ␤ bond is apparently favored, although formation of a N¢C on the backbone is also quite possible. Fragments a 3 and a 6 are terminated by a leucine residue and deuterium-elimination is the preferred process.
At 157 nm about half of the 7.9 eV photon energy is needed to break a backbone bond and the remainder is available for translational and internal excitation of the two photolysis products. The energetics of secondary processes can be roughly estimated by considering bond energies. For the backbone hydrogen elimination, NOH and NOC bonds are broken and an N¢C bond is formed, leading to an overall endothermicity of 1 to 2 eV. The side chain hydrogen-elimination is similar but slightly more endothermic. The internal excitation available to the radical ions appears to be quite sufficient to drive these endothermic elimination processes. In our tandem-TOF apparatus, fragment ions have about one microsecond after light absorption before they are accelerated to undergo these processes. In the ion trap, fragment ions have several milliseconds between the time they are formed and when they are scanned out. Therefore, all three secondary fragmentation products in Scheme 2 are expected to be observed and their relative abundances may be related to their formation energetics.
Tyrosine residues have a ␤-carbon substituted by a conjugated aromatic ring, which makes the side chain hydrogen elimination thermally favorable since the newly formed C ␣ ¢ C ␤ bond can conjugate with the aromatic ring. For residues with a nonaromatic side-chain like leucine and isoleucine, the double bond formed at the side chain does not lead to enhanced stability. Backbone hydrogen elimination is favored consistent with the slightly lower thermal energy needed for this process.
To further evaluate side chain conjugational effects, a-type ion formation is compared in fragments terminated by aspartate and glutamate. The side chain of glutamate is 1 CH 2 unit longer than that of aspartate, and one might expect that this difference would impact side chain conjugation. Spectra displaying a 5 of RAAADPAAAA and a 7 of RFSWGAEGQ are shown in Figure 5 . While side chain elimination is clearly dominant in the aspartate case, backbone hydrogen elimination is favored at the glutamate residue. In the former case, the newly formed C ␣ ¢ C ␤ bond is conjugated with the amide C¢O bond on the side chain. This stabilizes the a-type ion, making the side chain hydrogen elimination dominant. However, the glutamate residue does not have this conjugational effect and the backbone hydrogen elimination is overwhelmingly abundant.
Fifteen different peptides with N-terminal arginine were photodissociated after complete H/D exchange and a total of 50 a-type ion fragments were observed. The intensities of a n ϩ 1 Ϫ D and a n ϩ 1 Ϫ H ion peaks were measured and normalized values are summarized in Table 1 . The effect of all residues except cysteine, lysine, and arginine was investigated. Because peak widths were fairly constant, peak heights were used to represent ion intensities. The noise level of all photodissociation spectra was about 5 ϳ 10% of a-type ion intensities. The deuterium loss peak in the proline case and the hydrogen loss peak in the glycine case were at the level of background noise and they were considered to be zero after subtracting the average background. For all other residues, both a n ϩ 1 Ϫ D and a n ϩ 1 Ϫ H ions were produced. From just this limited dataset, it is evident that the side-chain structure of terminal residues has a large effect on the relative intensities of the two types of a n ions. When amino acids do not have side chain conjugational effects, a n ϩ 1 Ϫ D ions peaks are generally more intense than a n ϩ 1 Ϫ H. Otherwise, a n ϩ 1 Ϫ H ions are more abundant. Because glutamine stands out as the lone exception, it was further studied.
Four different glutamine-containing peptides, RG-GQGG, RAAQAA, RLEQFG, and RPKPQQFFGLM-NH 2 , were deuterium-labeled and photodissociated. Five a-type ion fragments terminated by glutamine were observed, as shown in Figure 6 . For RGGQGG, heights of the two a-type ions are comparable. For the other peptides, the intensity of a n ϩ 1 Ϫ H is higher than the a n ϩ 1 Ϫ D peaks. These results do not agree with the generalization of probabilities of two types of a n ions since glutamine is not expected to exhibit side-chain conjugation. Nevertheless, the higher intensities of hydrogen loss peaks imply that the side chain elimination from glutamine is more favorable than the backbone deuterium elimination. Possibly conformation changes of glutamine-containing ions may be affecting the energetics of these secondary fragmentation reactions since the two types of a n ions can have significantly different gas-phase structures. Since the amide on the glutamine side chain tends to interact with the charge proton on the arginine residue [14, 15] , this special intraionic interaction stabilizes the ionic structure. A double-bond on the backbone formed by deuterium elimination could easily change the backbone structure, making a less stable structure. In contrast, the structures of a n ϩ 1 Ϫ H ions may be similar to those of a n ϩ 1 radical ions if the double-bond on the side chain does not destroy intraionic interactions. In summary, intraionic interactions might make side chain elimination energetically more favorable in glutamine-terminated ions. The subtle effect of secondary structure on a n ion formation will be the subject of future modeling and experiments.
d-Type Ion Formation
As displayed in Scheme 2, a n ϩ 1 radical ions can also decompose into d-type ions by eliminating part of the side-chain from the ␤-carbon [9] . d-and w-ions are useful for differentiating isobaric amino acids leucine and isoleucine.
d-type ions were first observed by Johnson et al. in highenergy CID experiments [9] . Some d-type ions were observed in surface-induced dissociation experiments by Gu et al. later on [16] . It is of interest to compare d-type ion production by photodissociation with these earlier experiments.
Sixteen peptides with N-terminal arginine were photodissociated in the ion trap, and a total of 26 d-type ions were observed. The relative intensity ratio of a-and d-type ions is displayed in Table 2 . Glycine and alanine do not form d-type ions since they do not have ␤-carbon substituents. Proline does not form d-type ions because of its unique five-atom 
ring side chain. Likewise, residues with aromatic side chains do not generally produce d-type ions. When these fragments were observed in high-energy peptide ion fragmentation [9] , they exhibited very low intensities. This is understandable since the elimination of an aromatic group requires more energy than the elimination of a ␤-hydrogen or alkyl radical. However, for nonaromatic side chains, a-type and d-type ion formation is energetically comparable and both ions were observed. As expected, two different d-type ions with comparable intensities were produced at threonine and isoleucine residues. Each of these ions results from the loss of one substituent from the ␤-carbon on the side chain. The production of d-type ions in 157 nm peptide photodissociation depends on the structure of fragment terminal residues, consistent with high-energy CID experiments [9] . Their propensity to be observed appears to be independent of the detailed pathway by which they are produced.
Conclusions
a n ϩ 1 radical fragment ions were observed in the ion trap after isolating the monoisotopic precursor ions. Their ubiquitous observation supports a photodissociation mechanism that involves homolytic radical cleavage. Two different atype ion formation pathways have been distinguished by H/D exchange experiments, leading to two types of a n ions with different structures. The relative abundances of a-type and d-type ions were also investigated. Results depend on the C-terminal residue of the ion fragment. Attempts to predict ion fragmentation patterns must take this into account. 
